The paper presents an original solution for increasing air quality and reducing energy consumption of the local indoor ventilation by using cross-flow fans. The solution is a combination between the local exhaust ventilation (LEV) technique from industry, negative-pressure isolation rooms used in hospitals, and air curtains (AC) used for isolating of indoor/outdoor spaces. The solution provides a high air flow rate at low velocity due to the high value of the flow coefficient of the cross flow fans and, in the same time, allows modular setup according to local space geometry. A case study is proposed regarding the isolation of a smoking area where smell and airborne particles appear. A 3D numerical simulation was performed, in which one cross-flow fan with long axial length was considered. The optimum air flow rate and flow pattern was obtained in order to isolate the local space. The results show that a new approach for reducing sick building syndrome could be addressed by providing modular and local ventilation using cross-flow fans.
INTRODUCTION
In the last years, the requirements imposed to ventilation systems became more and more complex. The increase in interior comfort in buildings destined mainly for public activities -by heating, cooling, conditioning -as well as the demand for improving their energy efficiency -by thermal insulation, heat recovery -required new studies regarding the quality of indoor air. An inadequate design or operation of a ventilation system can cause a dramatic reduction in indoor air quality (IAQ). The terms used to describe the effect of the reduction in IAQ are sick building syndrome (SBS), tight building syndrome, and building related illness [1] [2] [3] . An analysis of the solutions to the aforementioned ventilation problems indicates that, regardless of the emissions considered, specific to closed buildings with or without underground parking, the systems used are based on:
1) supplying fresh air through vents placed according to indoor architecture [4, 5] ; 2) directing air currents by using air curtains formed usually in entry or exit sections, with the purpose of isolating indoor spaces [6] [7] [8] [9] ; 3) partitioning indoor spaces by introducing screens for directing the air flow between entry and exit sections [4, 10] .
spaces -mainly in hospitals - [14] [15] [16] [17] , or the reduction of the effects of sick building syndrome both in public [18] and in private buildings [19] .
In this paper all three aspects of local ventilation are considered: extraction of polluted air close to source, creation of an optimal negative gauge pressure in order to isolate the pollution source from the rest of the space, and placing the vents in the most appropriate locations in order to evacuate the most part of the agents that cause the sick building syndrome (VOC, molds, ozone from some office machines, etc.). For the purpose of validating the hypothesis according to which local ventilation in public buildings can be of modular type and customized in order to counteract to the largest extent the sick building syndrome, a numerical simulation of a smoking cabin is proposed. This example was chosen because it allows verifying the evacuation of both smoke and airborne particles, which is close to the real case of an office building. For the ventilation system of the smoking cabin a cross-flow fan was chosen due to the fact that such a fan has the advantage of low power consumption at the high air flow rates and velocities within the standardized limits for indoor ventilation.
In the following, the problem is formulated in terms of geometry, parameters, equations and boundary conditions, and numerical algorithms. Results are then presented and discussed and conclusions are drawn.
PROBLEM FORMULATION
The smoking cabin studied by numerical simulations is presented in Figure 1 . Its main dimensions -width, depth, and height -are given in mm. The cabin consists of a semi-open smoking room and a closed filter room. The smoking room is enclosed by two lateral walls, a back wall, and a ceiling and is opened to the room where the smoking cabin is placed. The ceiling contains in the middle a compartment with two lateral suction slots through which air and cigarette smoke are absorbed by the filtering system through a suction duct placed above the ceiling. The length of the suction slots roughly equals the depth of the smoking room, their height is of 50 mm. The floor of the smoking room is raised to accommodate a cross-flow fan that blows a plane free air jet upwards at a small flow rate through an exhaust slot placed at the edge of the floor. The exhaust slot extends along the entire opening of the smoking room and has a width of 50 mm. A small table is installed inside the smoking room for supporting the ashtray and a few glasses or coffee cups. The filter room is a cabinet that contains a suction fan for absorbing air and cigarette smoke at the ceiling of the smoking room, filters for retaining the smoke and airborne particles, and additional equipment that might be required.
The smoking cabin is placed by a wall of a larger room -the back vertical surface in Figure 1 . This room, which is only partly contained inside the computational domain, will be denoted in the following as main room. The part of the main room that contains the smoking cabin has a height of 3.5 m, a width of 6 m (measured along the back wall by which the cabin is placed), and a depth of 4 m (measured from front to back in Figure 1 ). In a first approximation, the presence of humans inside the smoking cabin was neglected. The computational domain was meshed with a total number of 725313 tetrahedral cells in the middle and prismatic cells of boundary layer type at the walls. Figure 2 presents the mesh on the boundaries of the computational domain.
The air was considered a Newtonian incompressible fluid and its flow was considered to be in steady state. Possible heat sources were not taken into consideration, therefore the problem was treated as isothermal. The steady, incompressible, turbulent flow is described by the continuity equation, the momentum equations and the equations of the turbulence model. To describe turbulence, the SST k- model was chosen due to the fact that it is adequate for studying flow that involve plane free jets [20] like that created by the cross-flow fan. Moreover, the SST k- model seems to be appropriate in general for modeling indoor air flow [21] .
The usual condition of no-slip was used at the solid walls. At the exhaust slot of the cross-flow fan a mass flow rate of 0.035 kg/s was imposed. The evacuation of the same mass flow rate was set as boundary condition at the two suction slots. The value of the mass flow rate was chosen so that the average exhaust velocity -or initial jet velocity -of about 0.3 m/s remains within the limits accepted for mechanical ventilation. On the surface that separates the computational domain from the rest of the main room (the vertical front surface in Figure 1 ) a gauge pressure of 0 Pa was set.
The governing equations together with the boundary conditions were integrated numerically using the pressure based segregated solver implemented in Fluent. The SIMPLE scheme was chosen for the pressure-velocity coupling. The momentum equations were discretized in space with the second order upwind scheme. The first order upwind scheme was used for the equations of the turbulence kinetic energy, k, and of its specific dissipation rate, . It was considered that convergence was attained when the residuals of all equations dropped below 10 -3 .
RESULTS AND DISCUSSION
Of main interest it was to verify whether smoke and airborne particles can escape from the smoking cabin to the main room. For this purpose, based on the results of the numerical simulations, pathlines of particles injected at different locations inside the smoking cabin were calculated and plotted for analysis. show that the plane free jet created by the cross-flow fan spreads rapidly. This could be easily explained considering the very low initial velocity of the jet. However, the bent pathlines suggest that the negative gauge pressure created at the suction slots in the cabin ceiling is large enough to create the driving forces that direct all particles towards these suction slots, so that no particle escapes to the main room.
The behavior of cigarette smoke inside the cabin was investigated considering that smoke is produced by two smokers. For a first case, the less probable situation was studied, when the two smokers would keep their cigarettes down, relatively close to their bodies. For this purpose, particles were injected along two circles having a diameter of 0.5 m and lying on a horizontal plane at 0.8 m above the cabin floor to the left and right of the table. The pathlines obtained are presented in Figure 4 . As it can be seen, all particles move towards the suction slots, having no tendency to escape outside of the smoking cabin.
The case was then considered when the smokers would rest their hands on the table, keeping the cigarettes close above it. For this case, particles were injected along a circle that has a diameter of 0.5 m and is placed at 0.2 m above the table. The resulting pathlines are presented in Figure 5 . It is clear that all particles are absorbed by the suction slots. It is interesting to note that the three particles injected close to the back wall of the cabin have a more complicated path. They first descend towards the table and then move almost horizontally towards the entrance of the cabin. This behavior suggests that the complex flow inside the cabin generates descendant air currents close to the back wall. However, the particles do not escape from the cabin, being trapped and directed towards the suction slots in the ceiling by upward air currents generated by the combination between the plane free jet coming from below and the negative gauge pressure at the suction slots.
A final case was considered when the smokers would keep the cigarettes at mouth level above the table and, at the same time, would slowly exhale smoke. The exhaling velocity was neglected in this study. Particles were injected along three circles of 0.5 m in diameter. Two of the circles are situated at 1.5 m above the cabin floor and roughly approximate the perimeter where smoke could be exhaled. The third circle is situated at 0.5 m above the table where the cigarettes would be briefly kept. Figure 6 presents the pathlines obtained. It can be seen that all particles are absorbed by the suction slots. Considering the results presented previously, this behavior is to be expected since the injection points are quite close to the suction slots. 
CONCLUSIONS
In this paper, the original solution of using a smoking cabin for increasing air quality and reducing the energy consumption of indoor ventilation was presented. The originality of the solution comes from the fact that the cabin uses a cross-flow fan to create a plane free jet that acts as an air curtain for isolating the inside of the cabin from the main room. The complex flow inside the smoking cabin and in its immediate vicinity, generated by the combination between the plane free jet and the negative gauge pressure created at suction slots on cabin ceiling, was investigated by means of numerical simulations. After obtaining a converged solution for the flow, particles were injected at the exhaust slot of the cross-flow fan and at different positions inside the cabin and their pathlines were calculated in order to verify whether such particles can escape from the cabin. The results presented suggest that smoke and airborne particles cannot escape outside of the cabin, which allows us to conclude that the solution proposed is highly efficient.
